Abstract-There is an urgent need to improve the reliability of screening cargo containers for illicit nuclear material that may be hidden there for terrorist purposes. A screening system is described for the detection of fissionable material hidden in maritime cargo containers. The system makes use of a low-intensity neutron beam for producing fission and the detection of the abundant high-energy rays emitted in the -decay of short-lived fission products and -delayed neutrons. The abundance of the delayed rays is almost an order of magnitude larger than that of the delayed neutrons normally used to detect fission, and they are emitted on about the same time scale as the delayed neutrons, i.e., 1 min. The energy and temporal distributions of the delayed rays provide a unique signature of fission. Because of their high energy, these delayed rays penetrate low-Z cargoes much more readily than the delayed neutrons. Coupled with their higher abundance, the signal from the delayed rays escaping from the container is predicted to be as much as six decades more intense than the delayed neutron signal, depending upon the type and thickness of the intervening cargo. The rays are detected in a large array of scintillators located along the sides of the container as it is moved through them. Measurements have confirmed the signal strength in somewhat idealized experiments and have also identified one interference when 14.5-MeV neutrons from the D, T reaction are used for the interrogation. The interference can be removed easily by the appropriate choice of the neutron source.
I. INTRODUCTION

D
URING the year 2001, more than six million maritime cargo containers were delivered to U.S. ports [1] . Half of them came from the top ten foreign ports of origin and nearly 90% arrived at the top ten U.S. ports [1] . The capacity of these containers can exceed 25 000 kg of cargo, which could provide a convenient hiding place for illicit delivery of weapons of mass destruction or their components to the U.S. Current plans call for detection of special nuclear materials (SNMs) that might be hidden in these containers with passive radiation detectors sensitive to the normal neutrons and rays emitted in the radioactive decay of these components. However, the normal radiations emitted from plutonium can be attenuated readily by cargo materials, and, therefore, the passive detection of plutonium may not be as reliable as desired. Similar considerations apply to Manuscript received January 30, 2004; revised January 28, 2005 . This work was supported under the auspices of the U.S. Department of Energy by University of California, Lawrence Livermore National Laboratory, under Contract W-7405-Eng-48 (UCRL-JRNL-202106). The associate editor coordinating the review of this paper and approving it for publication was Dr. Erik Heijne.
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Digital the attenuation of the normal radiations emitted by U. In this case, the only radiation of significant intensity is a ray at 186 keV that is readily attenuated in a loaded cargo container
The radiation signatures of uranium and plutonium can be modified and increased in intensity by interrogating these targets with neutrons or rays to produce fission. Following fission, both prompt neutrons and rays are released. At much later times as a result of -decay of the fission products, very characteristic delayed neutrons [2] - [5] and rays are emitted. The prompt radiations are hard to detect because of the overwhelming abundance of neutrons and rays produced by the interrogation beam. While delayed neutrons can be easily distinguished from beam neutrons, they have relatively low yield in fission, approximately 0.008 per fission in Pu and 0.017 per fission in U [6] . Further, they are rapidly attenuated in hydrogenous materials. Consequently, traditional passive and active techniques for detection of SNM are unreliable at best in the presence of thick cargo of hydrogenous materials that might conceal the illicit SNM.
II. UTILIZING THE HIGH-ENERGY RAY SIGNATURE OF FISSION PRODUCTS
There are many fission products with relatively high yield that have short half lives and, thus, high specific activities. Some of them produce rays with energies exceeding 2.5 MeV. These high-energy delayed rays have nearly ten times greater yield than the delayed neutrons [7] , as has been confirmed by recent experiments [8] . Their high-energy makes this radiation a characteristic of fission, very distinct from normal radioactive background that typically produces no radiation exceeding an energy of 2.6 MeV. The present work utilizes detection of this distinctive ray signature following neutron-induced fission to detect SNM hidden in cargo containers. The result is the so-called "nuclear car wash" illustrated schematically in Fig. 1 .
In the figure, a neutron generator is buried below ground and its output collimated into a thin fan at the ground surface. That fan beam illuminates the cargo and produces fission in SNM that may be hidden there. The use of a neutron beam for interrogation is not necessary. A high-energy photon source (E MeV) could also be used with similar effect. The cargo container is towed at constant velocity over the neutron source then through a cell with two linear arrays of ray and neutron detectors on the sides, analogous to a car wash. The detector array is configured to distinguish between photons with energies above and below 2.5 MeV. Decay of fission products will be observed as a bright spot moving along the detector array at the speed of the container. The fission products have a mixture of decay times but U.S. Government work not protected by U.S. copyright. Fig. 1 . Schematic of the "nuclear car wash" [7] showing a below-ground collimated neutron source irradiating the container from below and two linear detector arrays to detect subsequent fission product -delayed rays. the principal intensity decays with a half-life of approximately 25-55 s [7] , [8] , depending on the irradiation pulse length, and this characteristic can be used to distinguish SNM signature radiation from neutron activation products.
In the approach described here, the high-energy -ray signature for SNM is superior to that of delayed neutrons in the case where the intervening cargo material is hydrogenous due to its much higher penetrability as compared to low-energy delayed neutrons. This is seen in Fig. 2 .
The total yield of -delayed neutrons and high-energy (E MeV) rays has been estimated [7] and fixes the left hand intercept in the figure. Then, Monte Carlo simulations were used to determine the effective attenuation coefficients for neutrons and rays in aluminum, water, wood, and lead. The attenuated signal strength is plotted in the figure as a function of intervening cargo thickness.
Examination of the figure shows that the high-energy ray intensity escaping the cargo exceeds the delayed neutron intensity for all materials to a thickness of gm cm . In the case of hydrogenous materials, such as wood and water, the radiation escaping the cargo greatly exceeds the neutron intensity. The actual benefit in using this signature depends on the type of material and its thickness, but can range up to six orders of magnitude. At gm cm , a typical half-thickness for a fully loaded cargo container, the attenuated radiation exceeds the neutron intensity by more than four orders of magnitude. Conversely, if the intervening material is a metal such as aluminum or lead the neutron penetration is good and exceeds the ray intensity for thickness exceeding 40-80 gm cm of metal. Thus, the concept proposed above includes detection of both neutrons and high-energy radiation.
III. CONFIRMATION OF RAY SPECTRA AND IDENTIFICATION OF INTERFERENCES
A collimated 14-MeV neutron generator with 2 n/s output produced a neutron beam that irradiated a standard 20-ft cargo container from outside its sidewall. A moderated target of 22-kg natural uranium (150 g U) was placed inside on its centerline. The target uranium was in the form of -mm diameter pellets, filling a polyethylene jar of dimensions 10-cm diameter and 18-cm length. This target construction allowed several different containers to be used, providing useful variations in the geometric shape of the target and its thickness. It was located in the beam at a distance 2.2 m from the neutron source and 1.3 m from the wall of the cargo container. The target was immersed in polyethylene beads forming a moderator of thickness 13 cm that completely surrounded the target. Simulations confirmed that nearly all of the fissions were caused by thermal neutrons in this configuration.
Photon emission from the target was monitored using a well collimated and shielded HPGe ray spectrometer placed inside the cargo container. Its efficiency was 50% relative to 3 3 NaI detector, and it was located immediately outside and approximately normal to the collimated neutron beam at a distance 1 m from the target.
The neutron generator was pulsed with a 50% duty factor with cycle times ranging from 60 s (30 s on and 30 s off) to 200 s. Spectral measurements of rays were made between neutron pulses in "event mode." The -ray pulse-height data were sorted offline to produce spectra of events recorded during particular time ranges following the end of the neutron pulse. Generally, data were accumulated over a period of h of interrogation, i.e., beam pulse cycles. Examples of the -ray pulse-height spectra are shown in Fig. 3 .
The data shown were taken with a 200-s pulsing period. The data shown in blue (upper) were taken with the uranium target present, and the data shown in red (lower) were taken with exactly the same experimental arrangement except for the absence of the target. Examination of the figure shows that there is substantial -ray intensity due to the target at all energies. Many of the intense lines observed have been assigned to high-yield fission products such as Br and Rb [9] . The most prominent spectral feature that is due to the presence of the uranium target is the relatively high intensity in the energy range 2-4 MeV, where the target produces more than five times greater intensity than is present in the neutron activated background. The high-energy part of the spectrum can be seen more clearly in the expanded view shown in Fig. 4 .
In addition to the target rays, both the foreground and background pulse-height spectra exhibit strong radiation at 6.1 MeV, along with its single-and double-escape peaks, and Compton distribution. This is due to the decay of 7.16-s N. Interrogation with 14.5-MeV neutrons results in the reaction O N, which has an effective threshold of E MeV. The -ray pulse-height data were collected as sequential spectra each of 1 s duration beginning at the end of the neutron pulse to permit a study of the temporal behavior of the high-energy delayed rays. In Fig. 5 , decay curves constructed by integrating the total intensity in each of the 1-s spectra over the energy range E MeV are shown. Examination of the figure shows that the high-energy portion of the background is dominated by the decay of N for approximately 1 min following the end of the beam pulse. There is no compelling evidence for the presence of any other activated species that contributes to the high-energy background. The high-energy portion of the spectrum in the presence of the uranium target is also dominated by the decay of N for the first 15 s following the end of the beam pulse, but the remaining time interval is dominated by decay with a gross average half life of about 55 s. This half life can be understood in terms of the fission products whose high-energy ray yield are highest in U fission, i.e., 55-s Br, 55 s-Br, 156-s Rb, 258-s m Rb, and 58-s Rb [7] . Further, some of the intensity attributed to N must be due to the decay of a number of shorter-lived fission products such as etc. Because of the wide range of the half-lives of the fission products, it is expected that the observed decay times will depend on the length of the beam pulse and the length of the subsequent observation period.
Of course, neutron interrogation generates a small amount of activation in cargo materials. Nearly all of the activity is short Fig. 4 . Expanded view of the data in Fig. 3 showing high-energy fission product rays and N decay. lived and essentially gone in less than one hour. Estimates for activation of manufactured goods indicate activation levels below the level considered as "radioactive material" by the U.S. Department of Transportation. Similarly, estimated activation in agricultural and food products is typically less than the normal K activity in common foods.
IV. CONCLUSION
A concept for detection of SNM hidden in cargo containers is proposed and some of its elements studied. The method is based on neutron interrogation to produce fission followed by detection of -delayed high-energy radiation and/or delayed neutrons from decay of the fission products. The concept includes irradiation of a cargo container by a collimated neutron source located below ground. The entire contents of the container are irradiated as the container passes over the source. The container then passes through a linear array of neutron and -ray detectors where both delayed neutrons and delayed rays are detected.
Because the -delayed high-energy rays are nearly a decade more abundant than delayed neutrons and tend to have much higher penetrabilities through common low-materials, and because the energy spectrum and decay properties of the high-energy delayed rays are a characteristic signature of fission, it is expected that this signal will dominate the detected events in most cases. Estimates of attenuation in normal cargos indicate that the high-energy -ray signature of fission products escaping from thick hydrogenous cargo may be up to six decades larger than the -delayed neutron signal, depending on the type and thickness of intervening material. When 14.5-MeV neutrons are used as the interrogating source, interference from oxygen activation can be expected. This can be eliminated by interrogation at a neutron energy less than about 10 MeV. With that improvement , the signal-to-background ratio is expected to be a great deal larger. In the presence of the oxygen interference, the fission product signal is still expected to be dominant at times longer than about 15 s after the end of the neutron beam pulse.
